tory effect on cell division. Cell division in Chlorella cells suspended in darkness in distilled water was arrested by bubbling through an algal suspension a 1 per cent carbon dioxide-in-air mixture 1 • A delay in liberation of autospores caused by carbon dioxide was also noticed for Chlorella cells suspended in nutrient medium 2 • 8 • Inhibition by carbon dioxide was reported for segmentation of sea-urchin eggs• and for growth of roots of several species of plants•. It has also been speculated that carbon dioxide generally inhibits normal and malignant growth•.
Contrary to these observations on the inhibitory effect of carbon dioxide, Mer and Causton 7 were unable to detect any inhibition of cell division in oat coleoptiles but reported that carbon dioxide promoted cell division in oat mesocotyls. On the basis of their findings, Mer and Causton 7 rejected any implications suggesting the inhibitory effect of carbon dioxide on cell division as a general principle'. They even concluded that a high concentration (italics mine) of carbon dioxide constitutes one of two requirements (the other is darlmess) for maintaining cell division in the meristem. The significance of the problem for investigations and theoretical treatment of normal and neoplastic growth justifies a discussion of the effects of carbon dioxide on cell division.
In compact tissues of multicellular organisms, the conditions in the immediate cell environment may differ considerably from those prevailing in the gas phase outside the plant. As a result of respiratory activity and poor ventilation of intercellular spaces, carbon dioxide may accumulate to the extent that an increase in carbon dioxide concentration outside the plant would be of no consequence. This would explain Mer and Causton's failure to detect any inhibitory effect of the supplied carbon dioxide on cell division in oat coleoptiles. However, the foregoing explanation is insufficient to account for the observed promoting effect of carbon dioxide on cell division in oat mesocotyls 7 •
The effect of carbon dioxide on cell division depends on other factors, particularly on the presence and concentration of other ions 1 • An investigation of simultaneous effects of carbon dioxide and of bicarbonate indicated that bicarbonate counteracts the adverse effect of carbon dioxide on cell division to the extent that at a proper bicarbonat~ concentration coll division in algal cells can proceed to its completion even in atmosphere containing 25 per cent carbon dioxide 8 • Thus, carbon dioxide has a dual effect on cell division. As a source of bicarbonate it can, within proper concentration range, favourably affect cell division.
Further investigations indicated that cells themselves are sources of bicarbonate production. Bicarbonate formation in the medium outside the cells depends on environmental factors, physiological status of cells, and population density. Above all, it is a time-dependent phenomenon.
Effects of the supply of carbon dioxide on the formation of bicarbonate, pH of the suspending fluid, and cell division are shown in Figs. 1-3. Synchronized cells of the green, high-temperature alga Chlorella 7-11-05 (ref. 9), after being grown in light for 7 h (ref. 8), were centrifuged, resuspended in distilled water, and supplied in darkness with carbon dioxide-in-air mixtures as indicated on the graphs. Bicarbonate content in the medium, after separation of cells by centrifugation, was determined at intervals manometrically by measuring carbon dioxide forced out by addition of sulphuric acid. Cell division was estimated microscopically as a percentage of divided cslls.
As seen in Fig. 1 , bicarbonate formation in carbon dioxide-free air increased with t,ime, reached a maximum of 6·5 µmoles/ml. of suspending fluid after about 50 h, and then remained constant (or slightly declined). Parallel to changes in bicarbonate content, the pH of the cell suspension steadily increased with time, changing during the first 50 h of observation from 6·5 to almost 9 (Fig. 2) . Cell division was eventually close to 100 per cent ( Fig. 3 ). In the algal suspension provided with carbon dioxidefree air, both carbon dioxide and cations involved in bicarbonate formation were evidently supplied by the cells.
In an atmosphere of 1 and 5 per cent carbon dioxide, the formation of bicarbonate extended over, and probably beyond, 92 h of observation ( Fig. 1) . At the end of this period, bicarbonate concentration reached 10 µM per ml. of the suspending fluid.
Concentrations of bicarbonate over the first 40 h of observation in cultures supplied with 1 and 5 per cent carbon dioxide were the same as that in the culture aerated with carbon dioxide-free air (Fig. 1 ). Since pH of the cell suspension supplied with carbon dioxide-free air was at all times notably higher than that in the culture supplied with 1 per cent carbon dioxide (Fig. 2) , the inference must be that the concentration of the respiratory carbon dioxide in the culture supplied with carbon dioxidefree air was considerably lower than 1 per cent. The percentage of divided cella in 1 and 5 per cent carbon dioxido was at any time lower than that in cultures supplied with carbon dioxide-free air (Fig. 3) . However, the inhibition of cell division at these concentrations of carbon dioxide was reversible; and as bicarbonate concentration and pH rose, so did the percentage of divided cells.
In 25 per cent carbon dioxide atmosphere, bicarbonate formation continued over the whole period of observation ( Fig. 1) . However, the rate of bicarbonate production was lower than that at lower concentrations of carbon dioxide, and its content at the end of the 92-h period reache..d 6 µ...'1/ml. of suspension. With an increase in bicarbonate content, the pH of the suspension rose (Fig. 2) . Cell division was greatly impaired (Fig. 3 ).
In 100 per cent carbon dioxide, only about 1 µM bicarbonate was formed per ml. suspension during the first hours (or minutes)'° before cell activity was completely arrested and bicarbonate content declined (Fig. 1) . The pH remained low (Fig. 2) , and no cell division was observed (Fig. 3) . The increase in carbon dioxide concentration in the influent air from 5 to 25 and to 100 per cent had an inhibitory effect on bicarbonate formation (Fig. 1) . Under these conditions, bicarbonate production was evidently limited by the rate of liberation of cations by the cells. Thus, in higher concentrations, carbon dioxide may affect bicarbonate formation indirectly by impairing the secretory activity of cells.
Bicarbonate formation is essential in counterbalancing the adverse effect of carbon dioxide on cell division (Figs.  1 and 3) . The reported favourable effect of 5 per cent carbon dioxide on cell division in oat mesocotyls 7 might be due to the enhanced bicarbonate production. However, simultaneous favourable effect of carbon dioxide on cell divil!ion in oat mesocotyls and absence of any effect on cell division in oat coleoptiles indicate that conditions in Mer·s and Causton's experiments were more complex.
The technique used in Mer' s and Causton's experiments consisted of growing oat seedlings on sheets of filter paper, the lower edge of which was dipped into water. Thus, seedlings were supplied with water by wick action 11.
As a consequence, little liquid came into contact with a cell at any moment during observation and the liquid was in a slow, one-directional movement up the plant. Unbuffered tap water was mainly used and, at least in some of Mer's previous experiments 12 ,  the pH of water was brought down to 4 by adding nitric acid. However, even if the pH of water was not lowered intentionally by adding nitric acid, the water, as it came into contact with the cells on its way up the seedling, was probably acidulated with organic acids secreted by the cells. The secretion of an array of organic acids has been reported for algal cells 13 and the fact of root secretions has been recently substantiated with tracer technique for higher plants". Secretion by actively metabolizing mesocotyl cells seems to be a good possibility. Owing to the low pK characteristic of a number of organic acids, the low pH of the fluid coming into contact with cells probably created a general background in Mer and Causton's experiments '. It has been reported that low pH has an unfavourable effect on cell division 15 • Cells of mesocotyl in Mer and Causton's experiments 7 came into contact with water rising up the plants, and cell division in the mesocotyl cells was inhibited by the low pH of the rising water. However, owing to bicarbonate formation by the cells, the pH of the ascending fluid was expected to rise as the liquid came into contact with more and more cells. By the time the fluid reached the coleoptiles, its pH was shifted enough to have no unfavourable effect on cell division. Thus, in the absence of carbon dioxide in the influent air, cell division in coleoptile cells took place at a rate not reduced by unfavourable low pH prevailing in lower portions of oat seedlings.
When oat seedlings were supplied with water saturated with 5 per cent carbon dioxide-in-air mixture, the formation of bicarbonate was enhanced, and the unfavourable effect of low pH on cell division in mesocotyl cells was largely eliminated. Characteristically, a favourable effect of carbon dioxide was observed at 5 per cent concentration and was absent at l per cent concentration 16 cells' was due not to the favourable effact of carbon dioxide per se, but to the removal of tho inhibition of cell division by low pH in the absence of carbon dioxide from the influent atmospheric air. Since cell division was not inhibited in oat ooleoptiles in the absence of external carbon dioxide, it was not expected to be favourably affected when 5 per cent carbon dioxide was supplied.
The reported effect of pH on cell division 15 requires that in any investigations of carbon dioxide effect the pH and its changes must be recorded in the proximity of the cells, and buffering activity of cells must be taken into consideration. In experiments in which water is supplied to multicellular tissues by wick action, measurements of pH in the medium are not sufficient, since the pH is expected to change along the route up to the top of the plant. Measurements of pH in the proximity of cells and of buffering capacity of cells in multicellular tissues are, of course, formidable tasks.
The advanced reasoning is not moro speculative than any other attempt to evaluate conditions in the immediate cell environment in multicellular tissues. Owing to tho compact arrangement of cells, difficulties in ventilation of intercellular spaces, a slowness of the process of diffusion, and a constant one-directional movement of fluid, a gradient of concentration and pH is established in plant tissues. The differences and changes in tho microenvironment of individual cells are enhanced by the small amount of liquid coming into contact with a particular cell.
The cells themselves are sources of change in their environment, particularly through their preferential intake and secretory activity. The activities of a cell are, in their turn, affected by the kind of tissue the cell is part of, the position of the cell within tissue, and the age of the cell. The exchange between a cell and its immediate environment is affected by the conditions prevailing in this environment which, in its turn, depends to a large degree on cell activity, and both change with time.
Many of the aforamentioned complications, such as the fixed position of a cell within the framework of a tissue, are absent from microbial cultures. Others can be removed or alleviated by proper technique. For example, the diversity of the age composition of coils can be narrowed by synchronization. Still others, if not eliminated, can be easily evaluated. To this category belongs the secretory activity of cells. Cell physiological investigation on unicellular organisms can be conducted under fairly wellcontrolled conditions; for this reason, the data obtained are expected to be of more general and basic nature than those secured with multicellular tissues.
However, even in suspensions of microbial cells, a comprehension of the dependence of cell division on carbon dioxide is far from simple. Both externally supplied and respiratory carbon dioxide must be taken into consideration. Carbon dioxide may affect cell metabolism directly and/or through its effects on pH. In both cases, the respiratory activity and the secretory capacity of cells ara likely to be involved. The supply of carbon dioxide and of cations affects bicarbonate formation as a major factor controlling pH outside the cells in poorly buffered solutions. The secretion of organic acids may add to the afore-listed complications. All these factors, as well as the physiological status of cells, their age, and the amount of cells per volume of the suspending fluid must be taken into consideration. Generalizations, to be workable, must be limited by specifications.
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